Guard cells rapidly adjust their plasma membrane surface area while responding to osmotically induced volume changes. Previous studies have shown that this process is associated with membrane internalization and remobilization. To investigate how guard cells maintain membrane integrity during rapid volume changes, the effects of two membrane trafficking inhibitors on the response of intact guard cells of Vicia faba to osmotic treatments were studied. Using confocal microscopy and epidermal peels, the relationship between the area of a medial paradermal guard-cell section and guard-cell volume was determined. This allowed estimates of guard-cell volume to be made from single paradermal confocal images, and therefore allowed rapid determination of volume as cells responded to osmotic treatments. Volume changes in control cells showed exponential kinetics, and it was possible to calculate an apparent value for guard-cell hydraulic conductivity from these kinetics. Wortmannin and cytochalasin D inhibited the rate of volume loss following a 0-1.5 MPa osmotic treatment. Cytochalasin D also inhibited volume increases following a change from 1.5 MPa to 0 MPa, but wortmannin had no effect. Previous studies showing that treatment with arabinanase inhibits changes in guard-cell volume in response to osmotic treatments were confirmed. However, pressure volume curves show that the effects of arabinanase and the cytochalasin D were not due to changes in cell wall elasticity. It is suggested that arabinanase, cytochalasin D, and wortmannin cause reductions in the hydraulic conductivity of the plasma membrane, possibly via gating of aquaporins. A possible role for aquaporins in co-ordinating volume changes with membrane trafficking is discussed.
Introduction
Guard cells change volume in response to a number of environmental and hormonal factors. These changes in volume are caused primarily by ion transport at the plasma membrane and the guard cell therefore controls its volume via changes in its osmolyte content. The signal transduction pathways responsible for these responses have been studied intensively (for reviews, see Assmann, 1993 Assmann, , 1999 MacRobbie, 1998; Blatt, 2000a, b) . Guard cells also change volume in response to external osmotic solutions (Shope et al., 2003) . These responses are rapid and reversible, which suggests that they do not involve changes in the osmolyte content of the guard cell, and the change in volume is controlled by the water potential gradient and the hydraulic conductivity of the plasma membrane.
As guard cells change volume, in response to either ion transport or changes in the external osmotic solution, they must adjust the surface area of their plasma membrane to maintain cell integrity. Guard-cell volume can increase up to 50% as stomata open (Raschke and Dickerson, 1973; Franks et al., 2001; Shope et al., 2003) , and plasma membrane area changes by approximately the same percentage (Shope et al., 2003) . Since membrane elasticity is on the order of 3% (Morris and Homann, 2001) , it is unlikely that membrane stretching could accommodate such large changes in surface area. Guard-cell protoplasts have been shown to adjust plasma-membrane surface area via vesicle fusion and fission as they respond to osmotic treatments (Homann, 1998; Homann and Thiel, 1999, 2002) . More recently, studies with intact guard cells have shown that plasma membrane is internalized and remobilized as the cells shrink and swell (Shope et al., 2003; Meckel et al., 2004) , suggesting that similar processes also operate in intact, turgid guard cells.
It is possible that membrane trafficking is tied to ion transport processes during changes in guard-cell volume that are mediated by ion transport. However, during volume changes in response to external osmotic solutions this cannot be the case, yet guard cells are remarkably robust to large volume changes caused by hyper-and hypo-osmotic treatments (Shope et al., 2003) . These treatments produce changes in volume and surface area of up to 20% in <3 min, yet membrane integrity is rarely lost. Thus, membrane trafficking must be able to operate independently from the ion transport processes.
The processes involved in membrane trafficking to maintain plasma membrane surface area have not been well studied in plants (Blatt et al., 1999) , and have received only limited attention in animals. There is evidence from animal cells (Morris and Homann, 2001 ) and plant cells (Battey et al., 1999) that these processes are distinct from those involved in secretion and endocytosis, and it has been suggested that membrane trafficking to adjust surface area is controlled by changes in membrane tension (Morris and Homann, 2001) . Such a mechanism would be consistent with observations of membrane trafficking during volume changes caused by external osmotic solutions.
To investigate membrane trafficking during changes in guard-cell volume caused by external osmotic solutions, the effects of several compounds known to inhibit membrane trafficking and/or stomatal opening in the light were examined. In initial experiments, stomatal opening and closing were used as an indicator of guard-cell volume changes. Two membrane-trafficking inhibitors, wortmannin and cytochalasin D, were found to inhibit some stomatal movements in response to external osmotic solutions, and these were studied in more detail using confocal microscopy to track guard-cell volume changes and membrane internalization. Cell volume was determined by labelling the plasma membrane with a fluorescent dye (FM4-64) and taking paradermal confocal images at 2 lm intervals through the guard cells. Each stack of images was assembled into a three-dimensional figure and volume was determined by discrete integration as described previously (Franks et al., 2001) . Although this technique produces accurate estimates of guard-cell volume (Shope et al., 2003) , it is too slow to capture the kinetics of water movement in response to the osmotic treatments because each stack of images requires c. 1 min to acquire with the confocal microscope. To overcome this problem, the relationship between the medial paradermal area of a guard cell and its volume was determined. This relationship was found to be approximately linear for a single guard cell and remarkably similar for all the guard cells measured over a wide range of turgor pressures and volumes. This result allowed medial paradermal sections of guard cells to be acquired rapidly as they responded to osmotic treatments and allowed the area of these sections to be used to estimate guard-cell volume.
Materials and methods
Vicia faba plants were grown in a temperature-controlled greenhouse in a soil-less medium containing perlite, peat, and vermiculite (1:1:1 by vol.). Pots (1 by wt. 1) were watered daily to excess with a nutrient solution (Peters 20:10:20.0), and plants were used before they flowered and before they became pot-bound. Epidermal strips from the abaxial surface were isolated and floated on buffer (10 mM MESÁKOH; 50 mM KCl; pH 6.15) for c. 2 h under a halogen lamp that was filtered through water to remove the infrared. The air above the buffer was flushed with CO 2 -free air at the beginning of the 2 h incubation to promote stomatal opening. For stomatal aperture studies, peels were imaged using a digital camera, and apertures were measured using imaging software.
After a minimum of 2 h floating on buffer under the light, FM4-64 (5 mM in DMSO) was added to the buffer solution to bring the final concentration to 5 lM. Peels were allowed to incubate for 30-60 min with FM4-64 under the light to open stomata. Peels were then mounted (cuticle facing the coverslip) at the bottom of a 100 ll well slide and visualized with a Bio-Rad MRC 1024 confocal microscope. Osmotic pressure in the well was changed via a gravity-fed perfusion system. Medial paradermal images were acquired at time intervals after the osmotic treatment, and the area of each medial section was used to calculate the cell volume using the relationship shown in Fig. 2 .
To estimate hydraulic conductivity in control experiments, volume versus time data were fitted to the first-order rate equation shown below.
where V t is the volume at any time t, V f is the final volume, V i is the initial volume, and k is the first-order rate constant. Regression software was used to fit V f , V i , and k. The lines for control treatments in Figs 3, 4, and 6 show regressions of the data using equation 1.
The first-order rate constant (k) was converted to a hydraulic conductivity by assuming that the cells were in water potential equilibrium with the external solution at the beginning of the experiment (when volume equalled V i ) and at the end of the experiment (when volume equalled V f ). From the fitted values of V i and V f it was therefore possible to calculate the total volume lost for a change in 1.5 MPa. For example, in the control experiment shown in Fig. 3 , the fitted values of V i and V f are 6673 and 5767 lm 3 , respectively, making the total volume change 906 lm 3 for a 1.5 MPa change in water potential (W). The elasticity coefficient for the cell was determined as:
where V is the average volume during the response. Guard-cell osmotic pressure (p) was estimated to be 2.5 MPa from the relationship given for Vicia faba (Franks et al., 2001 ) and from observations of plasmolysis at external osmotic pressures around this value. Finally, hydraulic conductivity of the membrane was estimated using the equation:
where A is the area of the cell membrane as estimated from the relationship given by Shope et al. (2003) .
Guard-cell volume and medial section area
To determine guard-cell volumes, a series of paradermal confocal images of the guard cells at 2 lm intervals was collected. These image stacks, each containing 15 images, were then assembled into a 3-D image using image visualization software (Autovisualize; AQI, Troy, NY, USA). The resulting 3-D images were rotated 90°, and the cross-sectional area of the cell was traced at 3 lm steps as described previously (Shope et al., 2003) . Volume was determined by discrete integration of these measured sections. Previous studies have shown that this technique provides reliable estimates of volume (Shope et al., 2003) . Different volumes were produced by using mannitol solutions in 0.5 MPa increments and cell volume was allowed to stabilize for 10 min prior to imaging. The area of a medial paradermal section was determined by rotating the 3-D image appropriately and finding the section with the largest area.
Confocal microscopy and kinetics of guard-cell volume changes
To determine hydraulic conductivity of guard cells, epidermal peels were equilibrated at the bottom of a well slide containing c. 100 ll buffer for c. 10 min. The buffer solution was then replaced with 1.5 MPa mannitol (in buffer) using a gravity-fed perfusion system and a flow rate of c. 10 ml min À1 . Standard washout kinetics show that the solution in the well reached 99% of 1.5 MPa in c. 3 s. This treatment was carried out while imaging the medial plane of a pair of guard cells using the confocal microscope.
For experiments involving pharmacological treatments, the following incubations were used: arabinanase (endo-arabinanase; Megazyme International, Wicklow, Ireland), 10 U ml 
Pressure probe
Epidermal strips from the abaxial surface of a leaf were mounted to a well slide using VALAP (Vaseline:lanolin:paraffin; 1:1:1 by vol.) with the cuticle side away from the coverslip. A standard cell pressure probe filled with silicon oil was inserted into a guard cell, and the volume manipulated via a piston coupled to a micrometer. Cells were allowed to equilibrate for 5 min between changes before the pressure at each volume was recorded (for details, see Franks et al., 2001) . At each volume/pressure value, a digital image was captured and saved for measurement of the medial paradermal area.
Results
Three of the compounds tested-arabinanase, cytochalasin D, and trifluralin-were found to inhibit stomatal opening in light substantially ( Fig. 1, a) . The remaining compound-wortmannin-had no effect ( Fig. 1, a) . By contrast, arabinanase, cytochalasin D, and wortmannin were found to inhibit stomatal closing in response to a 1.5 MPa mannitol solution, but trifluralin had no effect ( Fig. 1,  b ). In these experiments, stomata were first opened under the light for several hours, then treated with the compound of interest for different periods of time (as noted in the Materials and methods) before treatment with the osmotic solution. Apertures were measured 10 min later. To examine volume increases in response to osmotic treatments, stomata were first opened in the light, then transferred to a 1.5 MPa mannitol solution to close them, and then reopened by transferring them back to buffer.
Fifteen minutes were allowed for stomata to close in the 1.5 MPa solution before the compound of interest was added. Peels were incubated with the compound as described in the Materials and methods section and then the osmotic solution was replaced with buffer (c. 0 MPa) and apertures were measured 10 min later (Fig. 1, c) . In these experiments, only cytochalasin D was found to inhibit increases in guard-cell volume; wortmannin, trifluralin, and arabinanase had no effect. None of the treatments discussed above appeared to damage the guard cells when viewed under the light microscope. The effects of wortmannin and cytochalasin D on the kinetics of guard-cell volume changes were investigated in more detail using confocal microscopy.
Measurement of guard-cell volume using confocal microscopy
It was impossible to capture images rapidly enough to produce 3-D images of guard cells as they shrank or swelled in response to osmotic solutions. To overcome this problem, guard-cell medial area was used as a proxy for volume. To determine the relationship between medial area and volume, guard cells were imaged while in equilibrium mannitol solutions of various concentrations (see Materials and methods). In total, 10 guard cells were measured. Only two values of volume and medial area were obtained for five of these cells, but three or more values were obtained for the other five cells. The points on Fig. 2 show volume and medial area for all 10 guard cells. Maximum guard-cell volumes (in buffer with no mannitol, 0 MPa) were between 6000 and 9000 lm 3 , Fig. 1 . Changes in stomatal aperture in response to (a) light, (b) a change from buffer to 1.5 M mannitol, and (c) a change from 1.5 M mannitol to buffer. Each point represents an average of 8-12 stomata, and the error bars represent the standard deviation. Each experiment was repeated three times with similar results. For (a), peels were incubated in the compound of interest as described in the Materials and methods before they were placed in light. For (b), stomata were first opened in light for several hours, then incubated in the compound of interest as described in the Materials and methods, and then placed in 1.5 mannitol. Measurements were taken 10 min later. For (c), stomata were first opened in light for several hours, then incubated in 1.5 M mannitol for 15 min to shrink the guard cells. The compound of interest was then added as described in the Materials and methods, and then the peels were returned to buffer. Measurements were taken 10 min later.
and maximum medial areas were between 600 and 900 lm 2 . Both volume and medial area declined as external osmotic pressure was increased, and the relationship between these two parameters was found to be approximately linear over the range tested (Fig. 2) . The heavy line is a linear regression of all points, and the lighter lines show linear regressions for the five guard cells for which three or more data points were obtained; the R 2 for each of these lines was higher than for the overall regression.
Kinetics of guard-cell responses to osmotic solutions When guard cells were treated with a 1.5 MPa osmotic solution, their volume decreased by c. 10% within 10 min and stabilized at a lower value within a few minutes (Fig.  3) . There was clear membrane internalization associated with cell shrinkage (Fig. 4) . This lower volume was stable for up to 20 min, and when osmotic concentration was returned to near zero, volume increased rapidly and returned to a value very close to the original. In a few experiments (e.g. Fig. 3) , volume decreased by a small amount after the initial stable reading was achieved and, in these cases, volume did not return completely to the original value when the osmotic concentration was returned , respectively. Treatment with wortmannin or cytochalasin D for 30-45 min (with no osmotic treatment) had no visual effect on the guard cells; the cells remained turgid, there was no loss of membrane integrity or internalization of membrane, and the pore aperture remained open (pictures before osmotic treatment; Fig. 4) . However, when these cells were then treated with 1.5 MPa mannitol they lost volume much more slowly than control cells (Fig. 4) . Volume loss was so slow that even after 10 min it was difficult to detect changes in guard-cell shape or pore aperture visually (pictures in Fig.  4 ). These cells showed no detectable membrane internalization, and there was no sign that plasma membrane integrity was lost in any of the experiments. Data for cells treated with wortmannin or cytochalasin D did not fit equation 1 as well as data for controls (R 2 values were lower than 0.95), so values for L p were not calculated. The relative change in volume in 1 min has been used as a means of comparing these treatments with controls. These data are shown in Fig. 5 .
To examine the effects of wortmannin and cytochalasin D on osmotically induced volume increases, cells were first treated with 1.5 MPa mannitol to reduce their volume, and then treated with wortmannin and cytochalasin D for 30-45 min. As with experiments above, there was no visible effect of the treatment with wortmannin or cytochalasin D. Cells were then returned to buffer (0 MPa). In control experiments, cells increased in volume rapidly following the return to buffer (Fig. 6) , and previously internalized membrane disappeared, presumably to be reincorporated into the plasma membrane (Shope et al., 2003) . Cells treated with wortmannin showed variable results but, in general, their increase in volume was comparable in size and kinetics to that of the controls. However, cells treated with cytochalasin D swelled slowly or not at all. In some experiments, such as the one shown in Fig. 6 , the cells actually lost a small amount of volume in response to the treatment, and occasionally cells visibly lysed in response to the osmotic treatment. The relative volume increase in 1 min for controls and treatments is shown in Fig. 5 .
To test whether the inability of guard cells to change volume in response to these compounds was caused by changes in wall properties, the cell-pressure probe was used to determine pressure-volume curves for guard cells (Franks et al., 2001) . Figure 7 shows that there was no difference in pressure-volume relationships between control cells and those treated with arabinanase or cytochalasin D. When inflated with the pressure probe, these cells underwent changes in shape and volume that were indistinguishable from control cells (Fig. 7) . It was not possible to obtain pressure-volume data for cells treated with wortmannin.
Mercury had no apparent effect on the kinetics of guardcell volume changes (Fig. 8) . For the experiments shown in Fig. 8 , the cells were incubated in 50 lM HgCl 2 for 20 min, and experiments with 5 min and 30 min incubations showed similar results.
Discussion
This study confirmed that guard cells shrink and swell rapidly in response to osmotic solutions, and that plasma membrane is internalized and remobilized as their surface area changes. The data are consistent with the assumption that these changes in volume are the result of osmotic water loss and are therefore independent of ion transport processes in the guard cells. However, this study shows that these volume changes can be inhibited by cytochalasin D, wortmannin, and arabinanase. It is important to note that these compounds had no apparent effect on guard cells until the cells were challenged with an osmotic solution, and even after treatment with osmotic solutions, they did not cause membrane integrity to fail. Indeed, there were no apparent cellular consequences of the treatment other than the slow change in volume and lack of membrane internalization. Cells did lyse in a few experiments involving volume increases in the presence of cytochalasin D, but this event was obvious as massive membrane internalization, and clearly did not happen in most experiments. It is therefore unlikely that the effects of these compounds were the result of general loss of cell integrity. It is possible, but unlikely, that the effects of these compounds were caused by solute movement because only massive fluxes of solutes could have prevented water flow following the osmotic treatments used in this study. Furthermore, permeabilization of the Data are for one cell per treatment, but partial curves for each treatment were obtained for two or three other cells before the seal was lost with the pressure probe. These partial curves were consistent with the data shown. membrane to solutes would have resulted in loss of guardcell turgor and stomatal closure.
It is suggested, therefore, that there are only two plausible explanations for the effects of wortmannin, cytochalasin D, and arabinanase on guard-cell volume changes in response to external osmotic solutions. First, the hydraulic conductivity of the plasma membrane could have been reduced by the treatment or, secondly, the cell-wall elasticity could have been reduced such that a small reduction in volume produced a large change in turgor pressure. The latter explanation has been proposed as the explanation for the effect of arabinanase on guard cells (Jones et al., 2003) . It would allow the cells to reach hydraulic equilibrium with the external solution with a much smaller decrease in volume. However, the present experiments show that guard cells treated with cytochalasin D or arabinanase can be easily inflated with a pressure probe (Fig. 7) , and no differences were found in wall properties between control and treated cells. It is therefore suggested that the simplest explanation for the effects of wortmannin and cytochalasin D is that the hydraulic conductivity of the guard-cell plasma membrane decreased substantially in response to the treatments.
Two of the compounds used in this study-trifluralin and wortmannin-have been shown to affect stomatal movements in response to external stimuli in previous studies. Trifluralin depolymerizes microtubules by preventing the addition of tubulin dimers, and it has been shown to inhibit stomatal opening in response to light (Marcus et al., 2001) . Wortmannin is a PI 3-kinase inhibitor that has been shown to block endocytosis in animal cells (Clague et al., 1995; Li et al., 1995) and plant cells (Emans et al., 2002) . It has been shown to inhibit closing in response to ABA (Jung et al., 2002) . In previous studies, the effects of trifluralin and wortmannin on stomatal movements were attributed to interruptions in signalling cascades between the external signal (ABA or light) and the activation of ion pumps. The present data for trifluralin are consistent with this conclusion-it inhibited stomatal opening in response to light, but it had no effect on responses to osmotic solutions. However, the present data show that wortmannin also inhibits decreases in guard-cell volume in response to external osmotic solutions, indicating that its effects are not exclusively on signalling components between the stimulus and ion transport processes. It is interesting that while wortmannin inhibited decreases in guard-cell volume, it did not substantially inhibit light-induced or osmotically induced increases in guard-cell volume. This result is consistent with previous studies (Jung et al., 2002) showing that wortmannin inhibited ABA-induced stomatal closure, but did not inhibit light-induced opening. Since wortmannin is an endocytosis inhibitor, it seems possible that it may affect stomatal movements by inhibiting the membrane internalization necessary to maintain cell integrity as guard cells lose volume.
The hypothesis that wortmannin affects stomatal movements by inhibiting membrane trafficking is supported by the results with cytochalasin D and arabinanase, both of which also inhibited stomatal responses to osmotic solutions. Cytochalasin D is an inhibitor of actin filament formation, and it is an inhibitor of endocytosis in animals and in plants (Samaj et al., 2004) . More specifically, cytochalasin D has been shown to affect vesicle fusion with plasma membrane in guard-cell protoplasts (Bick et al., 2001) . Arabinanase cleaves (1-5)-a-L-arabinans, which commonly occur as side chains on cell wall polymers. This has led to speculation that arabinanase causes 'walllocking', which prevents guard cells from changing volume (Jones et al., 2003) . However, as noted above, the present data show that wall properties are not changed by treatment with arabinanase, making this explanation unlikely. On the other hand, since the cell wall is connected to the cytoskeleton via integral proteins in the plasma membrane (Baluska et al., 2003) , it is plausible that cytoskeleton properties-and therefore membrane trafficking-could be altered by arabinanase treatments.
Detailed analyses of the kinetics for volume changes in guard cells are consistent with a reduction in plasma membrane hydraulic conductivity after treatment with arabinanase, wortmannin, or cytochalasin D. Volume changes in control cells were approximately exponential, suggesting that water transport was first-order and that the hydraulic conductivity of plasma membrane was constant, but data for cells treated with wortmannin or cytochalasin D were less obviously exponential. There are several possible explanations for this finding such as: (i) volume changes in these cells were so much slower than control cells that it is difficult to determine if the data are exponential or not; (ii) it is possible that the hydraulic conductivity of the membrane was not constant during the experiment (see below).
The values of L p calculated for guard cells in the present study are lower than values that have been reported for isolated cells such as Chara corallina (Wendler and Zimmerman, 1982) , and they are slightly lower than values for the epidermis of Elodea densa (Steudle et al., 1982) . This result is not surprising since most of the surface area of the guard cell is cutinized and/or suberized, and is therefore not exchanging water with the external medium. In addition, it should be noted that the values for L p reported in this study are subject to error because of unstirred layers that exist near the plasma membrane. Since the effect of such unstirred layers is to cause underestimation of the true hydraulic conductivity (Tyree et al., 2005) , the values presented in this study may be lower than the true L p . Finally, it has been shown that high osmotic concentrations inhibit aquaporin function (Steudle and Tyerman, 1983; Ye et al., 2004) , and this might also have contributed to the low L p values found in this study. While these factors may have caused an underestimation of the absolute values of L p for control cells, they cannot explain the effects of wortmannin, cytochalasin D, and arabinanase since control and treated cells received identical osmotic treatments.
As noted above, the simplest explanation for the present results with wortmannin and cytochalasin D is that the hydraulic conductivity of the guard-cell plasma membrane decreased substantially in response to the treatments. It is now generally accepted that the hydraulic conductivity of biological membranes is largely determined by the presence and activity of aquaporins (Kjellbom et al., 1999; Tyerman et al., 1999 Tyerman et al., , 2002 Johansson et al., 2000; Chrispeels et al., 2001; Baiges et al., 2002) . Furthermore, large, rapid changes in the osmotic water permeability of plasma membranes from maize protoplasts have been reported following treatment with osmotic solutions (Moshelion et al., 2004) . These changes in permeability were attributed to changes in aquaporin activity, and extremely low values of membrane permeability were reported immediately following an osmotic treatment. Since aquaporins have been shown to be expressed in guard cells, it is possible that aquaporin activity could be involved in the response of guard cells to hyper-and hypo-osmotic treatments. Although aquaporins have been shown to be gated by several factors, including phosphorylation (Maurel et al., 1995) , osmotic concentrations (Vera-Estrella et al., 2004) , and possibly pH (Zeuthen and Klaerke, 1999) , as far as is known, cytochalasin D and wortmannin have not been shown to have an effect on aquaporins. There are several possible routes by which wortmannin and cytochalasin D might affect aquaporin activity indirectly. Wortmannin is an inhibitor of PI 3-kinase, and will therefore affect a number of signal transduction cascades that could ultimately affect aquaporin gating. Similarly, cytochalasin D is an inhibitor of actin polymerization, and could affect numerous signalling pathways. However, one common effect of these two inhibitors is their effect on membrane trafficking, and it is suggested that the effects of wortmannin, cytochalasin D, and arabinanase were caused by an inhibition in membrane trafficking. It is further speculated that aquaporins in guard cells may be gated directly or indirectly by membrane tension, closing when membrane tension increases beyond some threshold value, and reopening when membrane tension returns to some acceptable range. Such a system would help prevent guard-cell volume from changing more rapidly than membrane trafficking could operate to maintain membrane integrity.
There is evidence that aquaporins can be gated by membrane tension or mechanical stimuli (Soveral et al., 1997a, b; Wan et al., 2004) . Furthermore, the idea that aquaporin gating could be influenced by membrane tension is supported by data showing that changes in turgor pressure can cause sudden reductions in hydraulic conductivity (Cosgrove and Steudle, 1981) , and by recent data from another study that show rapid, reversible changes in membrane L p in response to pressure pulses (Wan et al., 2004) . Small pulses produced no changes in L p , but larger pulses produced decreases in L p by a factor of 4-23. In the latter study, very large turgor pulses produced nonreversible decreases in L p . These authors concluded that the decrease in L p was not caused by stretch inactivation of aquaporins, but instead was caused by changes in aquaporin structure due to the high velocity of water flow induced by higher pressure pulses. In the present study, however, aquaporin closure could not have been caused by high flows because it was found that control cells were able to support high rates of water movement; it was only in the presence of membrane-trafficking inhibitors that L p declined. This suggests that changes in L p in the present study were not directly caused by high rates of water flow or directly by the osmotic treatments used.
The fact that HgCl 2 had no apparent effect on the hydraulic conductivity of guard cells is surprising. However, not all aquaporins are sensitive to HgCl 2 (Daniels et al., 1994) . Additionally, Wan et al. (2004) found that HgCl 2 had no effect on the hydraulic conductivity of cortical cells of corn roots when the cells had been subjected to a large pressure pulse. They attributed this to the fact that the aquaporins were already inhibited by the pressure pulse. Since the measurements of hydraulic conductivity reported in the present study involve a large change in turgor and water potential of the guard cells, it seems possible that some of the aquaporins in the guard cells were already at least partially inhibited during the measurements and therefore did not show inhibition by HgCl 2 . However, it is difficult to reconcile this idea with the effects of wortmannin and cytochalasin on the guard cells.
In summary, it was found that guard cells undergo large (c. 310) reductions in plasma membrane hydraulic conductivity in response to several compounds known to inhibit membrane trafficking. It is suggested that these changes in apparent L p may serve to prevent cells from changing volume faster than they can traffic membrane to preserve cell integrity. In addition, the present results also show that the previously reported effect of arabinanase on guard-cell movements is not due to changes in wall properties, and it is suggested that these effects are also caused by changes in membrane L p .
